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In Brief
Goda et al. find that visuo-haptic experience of objects has a great impact on the representation of objects' property (e.g., hardness) in the posterior inferior temporal cortex in monkeys, providing evidence that the crossmodal association of objects' property is implicitly learned and represented in the ventral visual cortex in primates.
SUMMARY
Just by looking at an object, we can recognize its nonvisual properties, such as hardness. The visual recognition of non-visual object properties is generally accurate [1] , and influences actions toward the object [2] . Recent studies suggest that, in the primate brain, this may involve the ventral visual cortex, which represents objects in a way that reflects not only visual but also non-visual object properties, such as haptic roughness, hardness, and weight [3] [4] [5] [6] [7] . This new insight raises a fundamental question: how does the visual cortex come to represent non-visual properties-knowledge that cannot be acquired directly through vision? Here we addressed this unresolved question using fMRI in macaque monkeys. Specifically, we explored whether and how simple visuohaptic experience-just seeing and touching objects made of various materials-can shape representational content in the visual cortex. We measured brain activity evoked by viewing images of objects before and after the monkeys acquired the visuo-haptic experience and decoded the representational space from the activity patterns [8] . We show that simple long-term visuo-haptic experience greatly impacts representation in the posterior inferior temporal cortex, the higher ventral visual cortex. After the experience, but not before, the activity pattern in this region well reflected the haptic material properties of the experienced objects. Our results suggest that neural representation of non-visual object properties in the visual cortex emerges through long-term crossmodal exposure to objects. This highlights the importance of unsupervised learning of crossmodal associations through everyday experience [9] [10] [11] [12] for shaping representation in the visual cortex.
RESULTS
Two macaque monkeys were visuo-haptically exposed to rodshaped real objects made of 36 materials (9 categories; 4 exemplars per category) through a simple behavioral task performed over 2 months ( Figure 1A ). The materials included several with which the monkeys were naturally familiar or were exposed to in the animal facilities (e.g., fur and metal) [13] , as well as others that were highly artificial and unfamiliar to them (e.g., ceramics, surface-finishing stones, colored glass, and fabrics). During the task, the monkey had to reach for, grasp, and pull the object to get a reward. The monkeys were not required to discriminate or memorize the visual or haptic properties of the objects during the task.
Before and after this long-term visuo-haptic experience, the two monkeys were scanned while they viewed images of the 36 objects used for the behavioral task ( Figure 1B , set A; see Figure S1 for an enlarged version). The images were presented using a block design; one scanning run consisted of nine category blocks (about 15 s per block), in each of which four exemplars in the same category were presented, interleaved with fixation-only blocks (see the Supplemental Experimental Procedures). In addition, the monkeys were scanned while viewing images of additional exemplars ( Figure 1B , set B) from the same nine material categories but which were not used for the behavioral task. This enabled us to examine whether the effect of the visuo-haptic experience, if any, was specific to the samples used during the behavioral task or could be generalized to the other exemplars in the same category. For all scans, each monkey performed a fixation task so as to make negligible the effect of top-down demands on neural activity.
We then decoded the representational space of the nine material categories by applying representational similarity analysis [8] to the local fMRI activity patterns obtained before and after experience. We estimated the neural representational dissimilarity matrix (neural RDM), which is a summary of the neural similarity/dissimilarity across material categories and can be used to infer the content of information represented in a given region. Here we focused on the representational content within the traditionally unisensory visual areas V1, V2, V3, V4 and the PIT (posterior inferior temporal [IT] cortex), which do not receive somatosensory inputs directly. These regions of interest (ROIs) were chosen based on our earlier study [3] , which revealed that V4 and the PIT represent the material properties of objects ( Figure 2A) . For each ROI, we evaluated the dissimilarity between each pair of categories as the Euclidean distance between a pair of activity patterns [3, 4] .
These were then averaged across the four hemispheres from the two monkeys to obtain a group-averaged neural RDM ( Figure 2B) . (A) Rod-shaped, real-object stimuli used for the monkey behavioral task. The surfaces of the objects (diameter 17.7-28.0 mm) were made from nine categories of materials (four exemplars per category). The inset shows an example scene in which a monkey is grasping a glass object. The monkeys first had to fixate on the top of the object and then to reach for, grasp, and pull the object with their hands. They were allowed to see the whole object after the first fixation until the end of the pulling. Each monkey performed the task with nine objects (one exemplar from each of the nine categories; typically 30 trials for each object) in one daily session, and a total of 32-44 sessions across 2 months. See the Supplemental Experimental Procedures.
(B) Visual images used for the monkey fMRI experiments. Set A contains images of the objects used for the behavioral task (shown in A), and set B contains the images of four other exemplars from each of the nine categories. These images were presented during fMRI scans in a central 9.2 3 9.2 visual field within which the object subtended 2.2 -3.5 in width and 9.2 in height on a gray background (duration 500 ms, inter-stimulus interval >1,000 ms, twice per exemplar in each category block). See also Figure S1 . 
Effect of Visuo-haptic Experience on Neural Representation
We first examined whether experience modified neural RDMs. The comparison of neural RDMs in V1 obtained before and after the subjects gained experience suggests that the order relation of the dissimilarities tends to remain unchanged, although the overall level of the dissimilarities tends to decrease after the experience ( Figure 2C ; see also Figure S2A for the two-dimensional representational spaces derived from multi-dimensional scaling [MDS] analysis). Based on this observation, we evaluated the Spearman rank correlation (r) between the neural RDMs obtained before and after experience as an index of the congruence between them. The results revealed that for both image sets, the neural RDMs before and after experience were highly correlated in V1, V2, and V4 (r > 0.554, p < 0.005, one-tailed permutation test; Figure 2D ), indicating that the representations in these areas are stable. The long-term stability also ensures that the estimates of the neural RDMs are reliable and reproducible across two experiments conducted with long time intervals in between (more than 12 months).
In contrast to the areas mentioned above, the neural RDMs in the PIT for both image sets and in V3 for set A differed between before and after experience ( Figure 2D ; see also Figure S2B ). Because the visual images were identical, the difference observed in these areas is attributed to non-visual factors, possibly related to experience.
Neural Representation of Material Properties
We next investigated how experience affected neural representation. Here we hypothesized that the representation of materials after gaining visuo-haptic experience would more strongly reflect the visuo-haptic properties of the material, such as roughness or hardness. To assess this possibility, we compared the neural RDMs with a representational dissimilarity matrix for the visuo-haptic material properties, which we call the material RDM. We evaluated the material RDM by conducting a psychological experiment with humans, who would already have rich experience with the nine materials (assuming general inter-species commonality of visuo-haptic perception of experienced materials [13, 14] ). Briefly, we asked the human participants (n = 12) to view the images and rate their impressions of the materials using 12 bipolar adjective scales [4] , including matte-glossy, smooth-rough, soft-hard, and light-heavy (see Table S1 for all adjective pairs). The obtained ratings tended to cluster for each category [1, 4] (Figure 3A) . We separately obtained a material RDM for each image set by computing the Euclidean distances of the ratings between category pairs ( Figure 3B ).
Then we asked whether the neural RDMs for the exemplars visuo-haptically exposed during the behavioral task (set A) were related to the material RDM. We found that experience affected the correlation between the neural RDMs and the material RDM. Remarkably, the neural RDMs in the PIT, which did not show a correlation before the subjects gained the experience, highly correlated with the material RDM after the experience (before: r = 0.114, p = 0.272; after: r = 0.551, p = 0.0008; one-tailed permutation test; Figures 3C and 3D; see also Figure S2C ). The correlation in the PIT after the experience remained significant after correcting for multiple comparisons across five ROIs and two conditions (p = 0.021, maximum-statistic method), and was also significantly higher than that before the experience (p = 0.004, one-tailed bootstrap test). Moreover, a similar pattern of results was observed when the neural RDMs were evaluated using a different neural dissimilarity measure (see the Supplemental Experimental Procedures; Figures S3A and S3B) , and even when data from one category were excluded ( Figures S3C  and S3D ). These findings indicate that the representation in the PIT was altered by experience and came to well reflect the visuo-haptic material properties of the exemplars. In V4, the neural RDMs significantly correlated with the material RDM both before and after experience (before: r = 0.404, p = 0.019; after: r = 0.421, p = 0.016; Figure 3D ), and these correlations were not significantly different (p = 0.141). These results suggest that representation of material properties in V4 is relatively stable (although possibly affected by experience; see Figures S3A and S3B ). Other areas, including V3, did not show significant correlation with the material RDM (p > 0.069) or significant difference in the correlation between before and after experience (p > 0.168). Thus, the effect of experience observed in V3 ( Figure 2D ) would not be related to a change in the representation of the visuo-haptic material properties.
Visual and Non-visual Aspects of the Material Property
We also assessed whether the neural RDMs in V4 and the PIT, where correlation with the material RDM was observed after experience, reflect the non-visual aspects of the material properties. For this purpose, we estimated the material RDMs representing mainly (but not exclusively) the visual and non-visual properties using data from the humans' ratings with ''visual'' and ''non-visual'' adjective scales [4] ( Table S1 ). The analysis with these material RDMs ( Figure 4A , left and middle) revealed that the neural RDMs in the PIT strongly and reliably correlated with both material RDMs after experience (visual: r = 0.562, p = 0.003; non-visual: r = 0.448, p = 0.003; Figure 4B ; see also Figure S4A for the consistent results obtained with a different neural dissimilarity measure). The increase in the correlation after experience was significant or marginally significant (visual: p < 0.004; non-visual: p = 0.059). This supports the notion that the PIT represents both visual and non-visual aspects of the material properties in a flexible way, depending on prior experience. The neural RDMs in V4 correlated with only the visual material RDM before experience (visual: r = 0.586, p = 0.008) but with both the visual and non-visual material RDMs after experience (visual: r = 0.398, p = 0.039; non-visual: r = 0.389, p = 0.020).
The correlation with the non-visual material RDM significantly increased after experience (visual: p = 0.813; non-visual: p = 0.004). These findings suggest that the representational content in V4 could also change with experience. Although the analysis described above assumes that humans can veridically estimate non-visual material properties such as hardness just by viewing the images [1] , there could be discrepancies between the visually estimated haptic properties and the actual ones. We therefore estimated the non-visual material RDM in a more direct way by asking the participants for haptic ratings. We found that the results obtained using the haptically estimated material RDM ( Figure 4A , right) were similar to those obtained with the visually estimated non-visual material RDM. The correlation with the haptically estimated material RDM after experience was significant in V4 and the PIT (V4 after: r = 0.406, p = 0.015; PIT after: r = 0.502, p = 0.001; Figure 4B ), and in the PIT was significantly higher than the correlation before experience (V4: p = 0.082; PIT: p = 0.004). This confirms that experience affects the representation of non-visual material properties in the PIT (and possibly in V4 as well).
Category Generalization
Finally, we asked whether the effect of experience transfers to the other exemplars in the same category by testing whether the neural RDMs in V4 and the PIT for set B correlated with the material RDMs (for set B) . The results showed that neural Figure 3B . The haptically estimated RDM was derived from haptic rating experiments, in which 12 blindfolded human participants were asked to touch 36 objects and rate their impressions of the materials using nine bipolar adjective scales (excluding three visual adjective pairs; Table S1 ).
(B) Correlation between the neural RDMs and each of the three material RDMs shown in (A) (visual: light blue bars; non-visual: green; haptically estimated: yellow) for set A. The correlation with the original material RDM evaluated using all adjective pairs ( Figure 3B ) is also shown for comparison (dark blue bars: replots of Figure 3D ). See also Figure S4A .
(C) The same analysis as in (B) for set B. The correlation with the haptically estimated material RDM is not shown because the haptic ratings were conducted only for the objects in set A. See also Figure S4B . *p < 0.05, **p < 0.01, ***p < 0.001 (one-tailed permutation test, uncorrected).
RDMs in these areas did not correlate with the material RDM for set B after experience ( Figure 4C ; see also Figure S4B ), although the correlation with the non-visual material RDM significantly increased after experience (visual: p = 0.648 and 0.383; nonvisual: p = 0.004 and 0.035; for V4 and the PIT, respectively). This pattern of results suggests that the effect of experience is not simply generalized across exemplars within a category. This lack of category generalization suggests that the effect of experience is not category based but rather exemplar based. In V4, the pattern of the correlation for set B before and after experience was similar to that for set A before experience. In these three conditions, the correlation with the visual material RDM was significant (set B before: r = 0.456, p = 0.045; set B after: r = 0.408, p = 0.029; Figure 4C ; see also Figure S4B ) and was significantly higher than the correlation with the non-visual material RDM (p = 0.004, 0.004, and 0.035 for set A before, set B before, and set B after, respectively). This trend suggests that V4 predominantly represents visual aspects of the material properties.
DISCUSSION

Representation of Non-visual Information in the Ventral Visual Cortex of Primates
Earlier studies in monkeys reported visuo-tactile multisensory neurons in the prefrontal, somatosensory, posterior parietal, and superior temporal regions of the cortex [15, 16] . To our knowledge, however, neither single-neuron nor fMRI activity in response to tactile/haptic stimuli has been reported in the ventral visual cortex [17] , except for task-related responses in V4 during a tactile-visual matching task [18] . Our findings, together with our earlier results [3] , provide new evidence that the PIT can represent haptic-related information about visually presented objects. This is consistent with recent findings in humans indicating that the ventral visual cortex (ventral occipitotemporal cortex) represents information about non-visual object properties [4] [5] [6] [7] . This or even lower visual areas are also responsive when humans are making haptic judgments about shapes [19, 20] and textures [21] [22] [23] [24] . These findings suggest that the ventral visual cortex of humans and nonhuman primates represents information about objects more supramodally than previously thought. Moreover, our results provide the first direct neurophysiological evidence that neural representation is shaped through simple visuo-haptic exposure to objects-i.e., repeatedly seeing and touching them-without explicit, supervised training to memorize specific visuo-haptic associations. Thus, representation of non-visual object properties in the ventral visual cortex would emerge through implicit, unsupervised learning of visuo-haptic associations during everyday interaction with objects.
It is well known that when monkeys are trained to discriminate/ memorize particular visual stimuli, or are familiarized with those visual stimuli, the response properties of neurons in the monkey IT change depending on the visual experience [25, 26] . One may therefore argue that the observed effect is caused by visual, not haptic, experience. Our detailed analysis, however, has shown that the neural RDM after experience strongly correlates with the haptically estimated RDM in the PIT ( Figure 4B ). It is unlikely that this reflects visual experience alone. Moreover, some studies have shown that fMRI activity patterns are immune to visual training and familiarization in adult monkeys [27, 28] , although the activity magnitudes may change [29] . Taken together, representational changes in the PIT would be, at least in part, crossmodal effects caused by simultaneous exposure to the visual and haptic features of objects.
Transformation from Image Features to Supramodal Material Representation
Recent studies suggest that a visual image of an object is rich in information about material properties, and it is possible to predict non-visual material properties such as roughness, hardness, and coldness by appropriately using image features [30] [31] [32] . Neurons in the higher visual areas may represent image features that strongly correlate with the non-visual material properties of objects. Such information may be acquired through everyday experience by learning crossmodal statistical regularity, such as the co-occurrence relationships between visual and non-visual features [9] [10] [11] [12] . On the basis of this idea and earlier findings, we suggest the following scenario for how the monkey visual cortex can represent non-visual material properties. Along the ventral visual pathway through V2 [33] , V4 [34, 35] , the PIT, and the more anterior IT [36] [37] [38] , visual features are progressively transformed to those important for material recognition/ categorization [3, 39, 40] . In V4, neurons represent high-level statistical visual features diagnostic of materials [35] , but these are only loosely related to the non-visual material properties. Visual features better correlated with non-visual properties would be represented at the level of the PIT. This representation reflects statistical crossmodal associations learned without supervision through long-term visuo-haptic exposure. Because, to our knowledge, there is no direct pathway from the somatosensory areas to the PIT, this learning likely involves other areas such as the posterior parietal and medial temporal lobes, as has been suggested for humans [41] . Presumably, long-term learning shapes the representation in the PIT by modifying feedback influences from those areas to the PIT and/or feedforward transformation from V4 to the PIT.
Within this framework, the observed lack of category generalization may be explained by the overlearning of the visuo-haptic association. There would be plenty of visual features that could potentially be related to haptic features, although the number of samples used for the learning in the present study is not large enough for generalization. In such a situation, learned visuohaptic associations would be optimal for visuo-haptically exposed objects but unreliable for new samples. This possibility will be validated in the future by testing for generalization using much larger numbers of samples.
In the present study, the PIT did not reflect the material properties of objects before experience, but it did in our earlier study [3] . We suppose this discrepancy might be partly attributable to the typicality of the exemplars. The objects used here included unfamiliar and non-typical exemplars (e.g., surface-finishing stones), whereas computer-graphics images with more typical (and even ''caricatured'') appearances were used in the earlier study. Consequently, the association learned through prior experience might not be optimal for the objects used in the present study. Other factors potentially related to the discrepancy are the size and shape of the objects; the present study used images of thinner rods with less-controlled shape than the earlier ones. Under these conditions, material-related responses to the object surface might be obscured by the object contours, especially in the PIT, where neurons generally have large receptive fields and complex shape tunings.
The other issue that remains unresolved is the effect of experience on V3. One possibility is that the effect observed in V3 mainly reflects changes in the representation of 3D shape, one of the object properties important for grasping behavior. Monkey V3/V3A is highly sensitive to 3D shape [42, 43] , and is thought to be an important link to the action-related, multimodal areas in the parietal cortex [44] . It would thus be of great interest in the future to know how visuo-haptic experience impacts V3 and the parietal action-related network.
In summary, we demonstrated for the first time that simple visuo-haptic experience with real-world materials shapes neural representations in the posterior part of the monkey IT, which does not receive somatosensory information directly. We suggest that this reflects statistical visuo-haptic crossmodal associations learned through simultaneous exposure to visual and haptic features. This finding provides insight into how supramodal, and possibly more conceptual/semantic, knowledge about objects [45] is acquired in the visual cortex of our brain. 
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